KURZFASSUNG: Ver~inderungen im Verhalten der Seezunge
INTRODUCTION
During periods when temperatures fall abnormally low in the North Sea, very high catches of fish may be made in deeper areas such as the Silver Pits (540 0' N from 20 to 30 E); fishermen are well aware of these facts, and indeed this wetlknown fishing ground was first discovered during a cold winter and owes its name to the very valuable catches of soles made there. Writing of this discovery Wool) (1911) states that "the winter of 1834 was very severe and myriads of soles had been driven by the cold into the deep water of that particular part of the North Sea (Silver Pits). Very few trawlers were then at work but one of them, a Hullman, had his gear down. When the trawl was hauled it was found to be full of fish .... the entire catch consisted of soles". During the winters of 1929 and 1947, when dead fish were reported over a wide area, there were also exceptionally large catches of fish, especially of soles (LuMBY & ATKINSON 1929 , SIMPSON 1953 . This happened again during the winter of 1962/63, when 2,487 tons of soles were caught in the southern North Sea (statistical regions IVB and IVC) by English trawlers between January and April, nearly a fourfold increase over the average of 656 tons during the same months for the period 1959 to 1962 (Table i) . At the same time the sole catch of the Dutch trawling fleet, fishing the same regions, increased by two and a quarter times from an average of 3,273 tons to 7,350 tons (ANON 1963a) . The landings by Belgian trawlers from the Southern Bight (statistical region IV C only) increased even more dramatically, their catch of soles from January to March being 4,730 tons compared with 335 tons in 1962 (GILLS 1963) . The large catches made in the winter of t962/63 were particularly Table 1 Trawl landings of soles, total for January-April from southern North Sea by English and Dutch vessels outstanding since, although sole landings have been slowly increasing from the North Sea, a slight fall in catches had been expected from consideration of recruitment and of the predicted size of the North Sea sole stocks in 1963 (ANON 1963b) . This paper will consider changes in the behaviour of the sole populations during the winter, which contributed to these high catches. The soles appear to be particularly sensitive to low temperatures, and an attempt is made to relate the winter catch of soles to water temperatures in the North Sea.
INCREASED VULNERABILITY OF THE FISH TO TRAWLING
It is well established that the largest trawl catches of soles are made during the night (BoEREMA & STAM 1952 , BOE•EMA 1964 , WOODHEAD 1964a , the average number per night haul in winter being up to five times that in daylight. From aquarium observations it seems likely that soles usually lie partly buried in the sea-bed during daytime; they are then difficult to displace and may well burrow m6re deeply when a trawl approaches. With the onset of darkness they swim actively about over the bottom searching for food, and at this time it might be expected that they would more easily be disturbed by the footrope of a trawl net and caught (KRuuK 1963 , WooD-H~AD 1964b . Since large numbers of soles died in areas to the south of the Dogger Bank this winter, it was probable that many of the live fish were in an inactive, semi-torpid condition; in such circumstances it seemed unlikely that they would burrow to avoid the trawl, so that the large catches made in this area could have been partly due to this change in the vulnerability of the fish to fishing gear. If such an increase in vulnerability had occurred during the cold winter of 1963, there should have been no evidence of the normal diurnal changes in the trawl catches of soles.
Skipper Ivan S. Down of the Lowestof~ trawler "Highland Lady" made a detailed report for each trawl haul on a cruise in the area during this period, and an analysis of his report for 23 night-time and 30 day-time hauls, yielding about 3,500 kg of soles, gave an average of 62.2 kg of soles per haul by day and 62.1 kg by night, confirming that there were no differences between the day and night catches (WooD-HZAD 1964b) .
In the discussion of irregular features of the cold winter with trawler officers it was frequently stated that many cod were feeding very heavily upon soles. (It is not known whether these fish were true soles, Solea vulgaris, or a mixture of soles with the smaller solenette, S. lutea). Although cod which have eaten a few soles are commonly caught, these reports were unusual in that the cod stomachs were often packed full of small soles, and because so many cod were feeding heavily on soles throughout the North Sea south of the Dogger Bank. Mr. JORGrN MOLLrR CrtRIST~N-SEN informs me that in the eastern parts of the North Sea Danish fishermen had also reported that most cod had some soles in their stomachs. It is interesting that reports of unusually large numbers of cod eating soles were oi~en made from grounds on which very few dead soles were being caught, as well as in the areas where high mortalities had occurred (WooDH~aD 1964@ These reports would suggest that the soles were exceptionally accessible to predation, again probably because they were not burying into the sand in their normal manner.
BOEI~E~,IA (1964) has analysed in some detail the diurnal pattern of trawl capture of soles for the winter months of January and February. From his results I have calculated that if soles were caught throughout the day at the same rate as during their night-time maximum, the total catch for the 24 hours would be increased by 60 %-80 %. If there were no diurnal changes in sole catches during the present winter, an increase in total catch of up to 80 % might therefore have been expected, but this was much less than actually occurred. Of course, it was possible that the fish were aIso easier to capture at night as well as by day.
CONCENTRATION OF FISH BY COLD grATER
It seems probable that during the winter of 1962/63 soles avoided the cold water masses extending from the shallower coastal areas, and that this behaviour produced a high density of fish in a smaller area than in normal winters, thus contributing to the large catches. Consideration of the distribution of sole catches made by English trawlers showed that the largest numbers were caught at the edges of the colder areas, few soles being caught within the coldest waters. The research vessel surveys (WooDHEAD 1964c) made in these colder regions also found few live soles.
For the purposes of population analysis, the southern North Sea (statistical regions IV B and IV C) is routinely subdivided into a number of rectangles approximately 30 miles square (Fig. 1) . During the winter months of January to April it is usual for the largest catches of soles to be made in the eastern part of the North Sea, between the Danish coast and 5 o E (rectangles K, L and M, 7, 8 and 9; Fig. 1 ). In the winter of 1963 the catch of soles in this eastern area did not show the increase which occurred in the North Sea in general; indeed, the catches were a tittle lower than the average for the four previous winters (Table 2 ). Since most of the eastern area was covered by cold water, the average catch there might have been expected to increase, in view of the increased vulnerability to trawling of soles at low temperatures. As this did not happen it was concluded that most of the soles had lefle the eastern part of the North Sea. The largest English catches were made in the western North Sea between 30 E and the English Yorkshire coast (rectangles E, F and G, 6 and 7; Fig. 1 ). During 1963, the average January catches were more than four times larger than usual in this western area, and in February, March and April they had increased to twelve times the average for the previous four years (TabIe 2). It is unlikely that this spectacular increase could be accounted for entirely by the greater vulnerability of the fish to trawling and it seems that soles had immigrated into the area, probably from the colder, shallow continental coastal areas to the east and south-east, and from English banks to the south. During the cold winter of 1929, L~SMBY & ATKINSON (1929) showed a similar increase in average catches on the western fishing grounds, which was accompanied by a fall in the average catch of soles in the east, although the changes in 1929 were much smaller than occurred in 1963.
GI~LIS (1963) has recently discussed the very high catches of soles made by Belgian trawlers in the Southern Bight (statistical region IV C) during the winter of 1962/63. It was apparent from his figures that most of these fish were caught in the deeper parts of the Southern Bight. GILLS also concluded that many of the soles had been forced to move out of the coastal regions by the rapid cooling of the waters in these shallow areas.
RECAPTURES OF TAGGED SOLES
During March and April, in 1959 and 1960, Mr. A. R. MARGETTS and Mr. T. WILLIAMS Of this laboratory tagged 2,558 soles off the Danish and German coasts; that' is, in the general "eastern area" discussed in the previous section. It is therefore interesting to consider the distribution of recaptures of these fish during the winter of 1962/63 in comparison with the previous "warm" winters. For this purpose the distribution of the fish during the first quarter, January to March, of each year (excluding recaptures ~turing the year when the fish were tagged) has been presented as the numbers of tagged fish recaptured in each statistical rectangle for all the years up to, and including, 1962 (Fig. 2) . Unfortunately, by 1963 many of these tagged soles had already been recaptured, but the positions of the fi~een fish caught during the winter of 1962/63 have been plotted on the same diagram and it is apparent that they were distributed at the western edge of the previous winter distributions. The 1963 recaptures mainly lle just outside the position of the 2 o C sea surface isotherm in March (ELLETT 1963) . However, only one of these fish was caught far to the west of any previous winter recaptures, and none were taken in the areas of the highest English trawler catches.
Although there was not a large number of recaptures in the winter of 1963 from these sole tagging experiments, the + results would seem to show that the soles which spawn in the Danish coastal waters, and probably also the stock of soles spawning in the German Bight, did not contribute largely to the English trawl catches. Many of these fish were recaptured near the areas of the highest reported mortalities (WooD-~EAD 1964c' and these stocks may have suffered more heavily in this respect than the [1960] [1961] [1962] populations with a more westerly distribution. It is assumed that the "western areas" of high catches off the English Yorkshire coast contained not only local soles, but also many fish forced out from the Dutch coastal grounds and from the inshore English grounds by the cold water masses.
SPRING INSHORE MIGRATION
A general inshore migration of soles occurs in spring, at least amongst the large sole stocks from the eastern side of the North Sea (Report of the Sole Working Group 1962). MoLL~r. Cm~tST~NS~N (1962) has described a relationship between the sea temperatures and the dates of the beginning of the fishery for the soles which spawn in the Danish inshore areas; when sea temperatures are low the arrival of the soles on the coast may be delayed by up to four weeks. He informed me that in the spring of 1963 the Danish inshore fishery was later and did not begin until the end of May, instead of mid-April. This would probably contribute to increased trawler P.M.J. WOODH~AD catches, since the soles would presumably remain availabIe for capture on the offshore trawling grounds for a longer time.
Of the soles tagged by Mr. MARGETTS and Mr. WILLIAMS, the seven recaptures in the second quarter of 1963, April to June, were made well to the west of their previous distribution (Fig. 3) . Another three soles were recaptured by Dutch trawlers during April, but no data were given about the position of recapture; however, it [1960] [1961] [1962] seems quite likely that these fish were also caught in the same area, since a large fleet of Dutch vessels was fishing for soles in rectangles G & H, 5 & 6, at that time. These fish showed no tendency to move inshore, being recaptured in about the same position as the soles caught in the first quarter of the year. None of the tagged fish was caught in the Danish coastal fishery in the spring of 1963. If these spring recaptures were typical of the movements of this stock of fish as a whole in 1963, it would have been expected that the Danish coastal fishery would be poor; in fact, the Danish sole landings for the period April to June, covering the coastal spawning period, were only 142 tons in 1963, having fallen to 8 % of their level for 1962 of t,754 tons (M~LLEr. C~Is'r~NsEN, personal communication; Table 3 ). The Dutch spring coastal fishery was also late and very poor in 1963 (Table 3) the total catch from April to June, 22 tons, being only 14 °/0 of the catch of 152 tons made in the same period in 1962 (ANON 1963a) . Similarly the small English east coast inshore sole fishery was very poor and late, few soles being caught until June-July compared with good April and May landings in the two previous years.
The very small catches made in these coastal fisheries, which were based largely upon spawning soles, might have been accounted for by the large reduction in size of the stocks. The heavy catches of soles during the winter must have caused a considerable decrease in the potential numbers of spawners, and the mortalities due to the low water temperatures, and predation, would have reduced their numbers still fur- ther. But if this had been the only reason for the fall in the catches of the coastal fisheries, it might have been expected that catches on the offshore fishing grounds would also have fallen rapidly below the level of previous years once the water temperatures had risen again, and the surviving soles began to move inshore. However, this was not the case in the English trawl fisheries where the catches were rather greater than those for the same months in 1962, despite the fact that a decrease in catches had been expected from consideration of the probable size of the sole stocks in 1963 (Table 4) . Catches in the Dutch offshore trawl fisheries did begin to fall in May, and by June-July were only half those of 1962; nevertheless this reduction was still small in proportion to that which occurred in the coastal fisheries. It is therefore suggested that an unusually large part of the sole sto&s did not migrate inshore at ali in the spring of 1963, but probably remained in roughly those areas to which they had been displaced during the winter, as had occurred for the few English tagged soles recaptured at that time (Fig. 3) .
THE RELATIONSHIP OF WINTER SOLE CATCHES TO SEA TEMPERATURES
Since the sole population of the North Sea seems to be particularly sensitive to temperature, and catches may be very high in severe winters (when part of the population may also be killed by low water temperatures), it seems likely that during less rigorous winters, although high mortalities may not occur, the soles may still be concentrated into smaller areas by cold water formation off the shallow continental coasts, and that activity may fall to a low level, increasing vulnerability to the trawl; the fish may also spend a longer time on the offshore fishing grounds. In such a case the winter catches of soles might be expected to be related to sea temperatures, at least below a certain temperature limit. Data on the English catches of North Sea sole have therefore been considered in relation to sea temperatures during the winter months.
To obtain indices of the water temperatures in the southern North Sea during different winters, the mean surface temperatures observed at three lightships, during the months of February and March in each year, have been combined to give an overall mean temperature for that winter. The lightships were the "E. R.", situated about 50 miles off the Danish coast (position 55 ° 2Y N, 60 57' E), the "Texel', off the Dutch coast (position 53 ° 01' N, 4 o 22' E), and the "Smiths Knoll", off eastern England (position 52 ° 43' N, 2 o 18'E). All three vessels are indicated in Figure 1 . These lightships were chosen because long series of regular and frequent observations were available (Cons. Perrn. int. Explor. Met. 1962) , and the positions of the vessels were such that each gave representative data for different sectors of the southern North Sea and each was relatively uninfluenced by freshwater run-off from large estuaries.
Some minor adjustments had to be made to the lightship temperature means. No data were available for the "E. R." for the years 1948 and 1949, nor for February 1924, but since the mean surface temperatures at this position are related to those at the "Vyl" lightship (55 ° 24' N, 07 ° 33' E) for which surface temperature data were available, the temperatures for 1948 , 1949 and February 1924 were re-estimated from a graph of the temperature relationship between the two vessels. There have also been small changes in the positions of the Smiths Knoll and Texel lightships since 1921, but consideration of their surface temperature data showed that these shi~s had not significantly altered the monthly mean surface temperatures.
In common with many other fisheries, the sole fishery undergoes annual fluctuations related to the recruitment of young fish (BoEI~EMA 1962) , which makes the direct comparison of catches difficult. Furthermore, when considering a series of catch Table 5 The relationship between the ratio of the winter to autumn catch of soles by English trawlers, and winter sea temperatures in the southern North Sea data over a long period it was necessary to make some adjustment for changes in the distribution of fishing and the effort of the fishing fleet. It was thought that the best method of eliminating these variables was to relate the total English sole catch in any winter (February to April) to the catch in the previous autumn (October to December). In any year recruitment to the fishery had been completed during the autumn and annual fluctuations could therefore be reduced by using the ratio of the autumn to winter catches. It was also considered that the fishing effort of the trawler fleet in any autumn would be the same as, or bear a fairly constant relationship to, the effort employed in the following winter (although in any winter high catches of soles might attract an increased fishing effort from vessels which would normally have pursued other species). It was possible to calculate this ratio for a number of winters from 1921 to 1963, although the data for 1928, and from 1939 to 1947, were incomplete. The relationship of the sea temperature to the total catch of soles in February to April (winter), expressed as a ratio of the catch in October to December (autumn), is given in Table 5 and Figure 4 . It is apparent that, at least for the post-war period, the catches of sole did bear some relationship to temperature, the winter catch ratio increasing when winter mean temperatures fell below about 40 C.
In the pre-war period the relationship was by no means obvious, only the cold winter of 1929 giving a very high ratio although there were few cold winters in the pre-war period. The differences between the pre-war arid post-war figures may be due to the different areas of exploitation by the fishing fleets; the English fleet now certainly moves more widely over the North Sea. Modern diesel trawlers also fish more efficiently and can continue to work under worse weather conditions than was the case before the war. Severe winters usually involve more bad weather, which would have placed greater restrictions on the pre-war trawlers. These changes may be reflected in the finding that the average ratio of winter catches to autumn catches (for mean winter temperatures above 40 C) was 0.8 before 1938, whereas in the postwar period the winter and autumn catches were the same, with a mean ratio of 1. In fact it has really only been in recent years, since 1953, when modern motor traw--lers have formed an increasingly high proportion of the fishing fleet, that the catch ratio has actually risen much above the pre-war level (to a mean value of 1.2). Again this would suggest that the modern vessels can indeed exploit the winter fisheries more efficiently than was the case with the older trawlers.
It was unfortunate that insufficient data were available to calculate the catch ratio for the very cold winter of 1946/47. However, from the data given by SIMI~SON (1953) for the average catches of soles during the winter months of 1947, it was apparent that the average catch for February to March was about twice that for October to December. Allowing for a possibly higher fishing effort being deployed in the areas of high sole catches during the winter, the winter ratio for 1947 would probably have been a little higher than 2. The temperature data for 1947 are also incomplete, but the mean February-March surface temperature would probably have been between 0 ° and 10 C (Cons. Perm. int. Explor. Mer 1962 , VAux 1953 . At this temperature the winter catch-ratio would therefore be lower than expected from the general trend of the other figures. It was considered that this low ratio was partly due to the high mortalities which occurred amongst the soles. In 1947 cooling occurred very quickly and the cold water masses extended rapidly outwards from the continental coasts, apparently trapping and killing many soles. In contrast, temperatures did not become so extreme and the cold waters developed more slowly in 1963; apparently this allowed time for most of the soles to move out of the coldest areas to form concentrations giving very high catches. SUMMARY I. Exceptionally large catches of soles are made in the North Sea during very cold winters. It was considered that these catches were due to increased vulnerability of the fish to trawling at low sea temperatures, and to the concentration of fish into smaller areas, of high density, by the cold water masses. A third contributory factor was that the soles remained on the offshore trawling grounds for a longer time in cold winters. 2. Data from fishing reports, sole catches in different regions of the southern North Sea, and the positions of recapture of tagged soles in the winter of 1962/63 were used to illustrate the changes in the behaviour of this fish. 3. Although soles suffered high mortalities from low temperatures, predation, and from fishing during winter 1962/63, reducing the numbers of potential spawning fish, it was suggested that the failure of the coastal spawning fisheries was also partly due to a large part of the stock failing to migrate inshore in this year. 4. It was considered that since soles appear to be particularly sensitive to low temperatures there might be a direct relationship between the winter catches of soles and the sea temperatures. This relationship was investigated and seems to hold good, at least for the post-war years since 1948. their stomachs were absolutely full of small soles. This again was probably due to a change in behaviour and vulnerability. Apparently the soles were not digging into the sand as they normally do, or perhaps were not quite covered by sand, and they were being picked up by the predatory fish, the large cod, with relative ease. In normal winters it is unusual to catch cod with their stomachs absolutely full of small soles, but this occurred again in the cold winters of 1947. I do not know that there is any d i r e c t connection between cold winters and good year class survival. We have little evidence for this, although it seems to follow. Apparently the very low temperatures were retarding the normal rate of development so that the eggs were not going through to hatch, but accumulating as the plaice continued spawning. It will be interesting to see what the year-class survival is like, since all the eggs finally went through to hatch out at much the same time.
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BARNES: IS there any evidence that low temperatures show some of the more subtle effects on the eggs and subsequent year classes as revealed by Professor K:NN~'S experiments with respect to salinity?
WOOD~AD: There may very well be effects of this nature. Thus we find marks on the scales or the otoliths of fish that have been reared under different temperature conditions. These are useful as tags or labels, but we don't yet know fundamentally what has happened.
BAI:NES: IS the high egg density possibly due to aggregation of spawners?
WOODHeAD: There was probably some degree of concentration of the spawning plaice, the distribution of the eggs being a little nearer the English coast than usual as the adults presumably avoided the cold continental shallows. But this concentration probably wouldn't do more than double or treble the number of eggs at any position, whereas the eggs accumulated to much higher concentrations than this. The surveys actually cover the entire spawning area to get the t o t a 1 number of eggs spawned in any winter.
BARNES: IS it not curious that abnormal years produce more fish which would be expected to be "better" adjusted?
WOODHEAm The death of the adults in the winter and the survival of a year-class are not directly connected since the sole is a summer-spawner. The low temperatures of the winter have therefore passed when the larvae hat& out. There may be some indirect connections between cold winters and plankton production, etc., in early summer which allow a good year-class survival, but I think that the answer at present is that we don't really know. Certainly the connection with the cold winters is not direct. 
